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Figure 1. Pictorial comparison of binuclear complexes of Pacman diporphyrins and Schiff-base calixpyrroles
Schiff-base, polypyrrolic macrocycles that combine the coordinative and physiochemical properties of the pyrrole group with the exceptional design characteristics and synthetic versatility of macrocyclic Schiff-base condensation procedures can be seen as alternatives to these porphyrinic ligands, which are often arduous to synthesise and isolate. 14, 15 These former features are particularly apposite to the synthesis of ligands that can direct bi-and multinuclear transition metal complex formation. Furthermore, polypyrrolic macrocycles can exhibit a rich and diverse chemistry. The flexible frameworks of calixpyrroles can accommodate a variety of transition metals and f-block elements in a range of oxidation states, from which elegant transformations of the macrocycle itself or the activation of small molecules can ensue. 16 Calixpyrroles and their derivatives are also extremely efficient and sometimes selective anion binding agents. 17 Schiff-base polypyrrolic lanthanide complexes such as motexafin lutetium are receiving considerable attention as photodynamic therapy agents, 18 and similar iminopolypyrroles can complex actinide cations such as uranyl and late first-row transition metals. 19 We describe here an overview of our work in this area, in particular the development of a new class of Schiffbase polypyrrolic macrocycle and its features that promote the formation of bi-and multinuclear complexes ( Figure 1 ) that are reminiscent of cofacial or Pacman diporphyrins.
Macrocycle synthesis and structures
Using a method developed by Sessler and co-workers for the synthesis of Schiff-base expanded porphyrins, we found that methanolic solutions of meso-disubstituted, diformyldipyrromethanes react with 1,2-aromatic diamines in the presence of TsOH to generate cleanly the orange and crystalline [2+2] macrocyclic products H 4 L(TsOH) 4 in high yield (Scheme 1).
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Scheme 1. The synthesis of the Schiff base calixpyrroles used by us in this research (nb. For simplicity, L is used generically for this series of ligands and their complexes)
No reaction takes place without the acid template, 22 and, as described independently by Sessler and coworkers, a variety of acids can mediate this [2+2] cyclisation reaction. 23 Treatment of these acid salts with a base such as NaOH or triethylamine in alcoholic solvents precipitates quantitatively the acid-free macrocycles H 4 L that can be isolated simply by suction filtration. Significantly, the overall synthetic procedure to form H 4 L is efficient, modular, uses inexpensive starting materials (pyrrole/ketone/diamine) and can be carried out to yield > 30 g. This contrasts to the synthesis of cofacial diporphyrins which are often low yielding, multiple step procedures that require the extensive use of column chromatography. These yellow, air-stable, amorphous materials are poorly soluble in common organic solvents but, with the addition of protic solvents such as water or ethanol, crystalline materials were isolated and characterised by X-ray crystallography ( Figure 2 ). The Schiff-base calixpyrrole has been found to adopt two different structural motifs in the presence of a protic solvent: a non-planar, bowl-like conformation around two hydrogen-bonded molecules of ethanol (Fig 2. , left) and a Pacman-type conformation centred on a molecule of water (Figure 2 , right). Both of these structures illustrate the capacity of these macrocycles to act both as hydrogen-bond donors, through interactions between pyrrole NH protons and O-acceptor and as hydrogen-bond acceptors, through interactions between the imine N atoms and the ethanolic OH proton. Furthermore, similar structural motifs were identified at low temperature in solution by NMR spectroscopy. These hydrogen-bonding interactions are commensurate with the development of Schiff-base calixpyrroles and acyclic iminopyrrole compounds as effective anion-binding agents. 24 The non-planar structures adopted are unlike those seen for related expanded porphyrins and Schiff-base porphyrin analogues, 25 and are a consequence of both the conformational flexibility and the lack of extended π-conjugation that results from the incorporation of sp causing the chelates to curve away from each other. Importantly, the metal-ligand geometry, coupled with the presence of the rigid, 1,2-disubstituted aryl spacers between the two PdN 4 -donor compartments results in a bimetallic molecular cleft structure in which the o-aryl units are offset face-to-face π-stacked and act as hinges that promote a wedged arrangement of the two PdN 4 square planes. This gross structural motif is similar to those observed for single-pillared, or 'Pacman' diporphyrin complexes, in which the spatial separation between two metal porphyrins is rigidly defined by an appropriate, generally aromatic, spacer unit. angle as a consequence of the more sterically-demanding endo-phenyl substituents. It therefore appears that these new Pacman molecules "chew" rather than "bite".
The syntheses of related di-iron complexes of L, [Fe 2 (μ-O)(L)] were carried out by Sessler and co-workers, who found that similar, Pacman structural motifs were adopted in the solid state. 30 In these compounds, the binuclear molecular cleft structure is reinforced by the metal-bridging oxo-group which allows for no torsional twist (0. is bound between two Cu centres, and none in which this group is not a part of an extended ligand structure, for example, in terpyridine or (bis-imino)pyridine ligands. 34 In these latter examples, the pyridine bridges are asymmetric and are twisted with respect to the Cu···Cu vector due to the overall helicity of these dicopper systems. Zn(porphyrin units) to accommodate DABCO, 36 while the use of a trans-substituted PdCl 2 (pyridylporphyrin) 2 complex as a spacer results in a cavity large enough to host C 60 .
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Alternative binding modes for metal cations
It is evident that the complexation of two metal cations by the Schiff-base calixpyrrole L can result in the formation of Pacman-shaped complexes. However, unlike cofacial diporphyrins, the relative flexibility of the macrocycle that results from the incorporation of the meso-sp 3 -hybridised links allows for a variety of other metal binding modes. In particular, these alternatives make use of the propensity of the pyrrole hydrogens to partake in hydrogen bonding, a feature that may have important consequences in the structure, bonding, and reactivity of the coordinated metals and their attendant ligands. 38 Indeed, we found that the reactions between 
Macrocycle expansion
While the generation of large macrocyclic structures can be favoured using Schiff-base condensation methods, the potential hydrolytic instability of the N=C imine bond(s) can result in undesirable ring opening, although this feature can be exploited in combinatorial Schiff-base self-assembly reactions. 42 
Cobalt dioxygen chemistry
Cofacial cobalt diporphyrins and their corrole relatives have been shown to manage successfully the multiple proton and electron inventories essential for the selective catalysis of the four-electron reduction of oxygen to water. 8, 28, [50] [51] [52] [53] [54] In these compounds, the distinctive, face-to-face positioning of the two metals within the diporphyrinic cleft helps circumvent routes to undesired peroxide intermediates, a feature that makes these compounds not only functional models of cytochrome c oxidase metalloenzymes, but also potential non- Figure 10 ). It is clear from this structure that a Pacman structural motif is adopted in the solid state, and that the dioxygen ligand bridges the two cobalt centers. This is, to our knowledge, the first 52 However, the lack of an anion in the X-ray structure means that it is likely that this structure represents the neutral peroxide. 61, 62 We reasoned that the large and flexible macrocycle H 4 L should be able to accommodate the uranyl dication in a way that binucleating, cofacial diporphyrin ligands cannot, and that the tendency of this ligand set to promote hinged, 'Pacman' geometries could be exploited to study the oxo-chemistry of the uranyl ion.
Uranyl complexes: Indeed, the transamination reaction between H 4 L and the uranyl amide [UO 2 (THF) 2 {N(SiMe 3 ) 2 } 2 ] in THF resulted in the rapid and sole formation of the mono-uranyl complex,
Significantly, no di-uranyl complex was observed, even when the reaction was carried out at elevated temperature.
In the X-ray crystal structure (Figure 12 Cation-cation complexes: Actinyl complexes that display Lewis base interactions between the oxo and a metal counterion, i.e. AnO 2 2+ …M + , so-called cation-cation complexes, are important species in neptunium and plutonium chemistry. 63 However, the relative inertness of the UO 2 2+ congenor means that there are very few simple, molecular uranyl-based cation-cation complexes. 64 These uranyl analogues would be desirable for understanding the speciation of the highly radioactive metals in nuclear fuel processing and the environment. four Mn-oxo distances that range between 2.13(2) and 2.18(2) Å. 66 The manganese ion is not a particulary good fit for the bottom cavity, and adopts a pseudo-tetrahedral geometry by bonding to the two pyrrolide nitrogens, the endo-uranyl oxo, and a molecule of THF; only weak interactions to the two imino N atoms occur, presumably as a consequence of the π-stacked THF on the uranyl in which significant, and asymmetric, U=O bond lengthening was seen. 69 Photolysis of uranyl phosphine oxide complexes in the presence of alcohols has been shown to result in two-electron reduction and the formation of U(IV) alkoxides, via the highly oxidising *UO 2 2+ excited state; the U(IV) complexes can be hydrolysed to regenerate cleanly the uranyl dication. 70 While our transamination synthetic route to uranyl-transition metal cation-cation complexes was efficient, we thought that a salt elimination strategy, in which the vacant N 4 -compartment is first deprotonated prior to reaction with a metal halide, would allow us to introduce more reducing metals. However, we instead found showed that the macrocycle geometry remained wedge-shaped, even though two tetrahedral M 2+ cations were now incorporated in the lower cavity, and a Me 3 Si group was bound to the exo-uranyl oxygen. As with our previous macrocyclic uranyl complexes, the uranyl cation adopted a distorted pentagonal bipyramidal geometry with a linear O1-U1-O2 group. However, the U-O bond distances in the silylated complexes support a pentavalent oxidation state. For example, the endo-U1-O1 (1.870 (4) These data suggested that this reaction requires initially the deprotonation of the empty macrocyclic cavity by the potassium base to form potentially an oxidising, U VI intermediate in which the endo-U=O bond is coordinated by two K cations, and the exo-U=O bond is now polarised sufficiently to engage in N-Si and C-Si bond cleavage (Scheme 2). Very recently, Maron and co-workers have carried out density functional calculations on model uranyl macrocyclic complexes to probe theoretically the mechanism of this reaction. 75 These results corrolate well with our proposed mechanism and show that the radical reaction proceeds through an S N 2-type transition state and is driven downhill thermodynamically by up to 148 kcal.mol -1 by initial reaction with two equivalents of potassium base. Significantly, both potassium cations are found to coordinate to the same oxo group which leaves the opposing oxo group free to participate in silane bond cleavage chemistry.
Scheme 2.
Proposed mechanism for the base-assisted reductive silylation of the uranyl dication.
This reaction provides an actinyl parallel to well known transition metal chemistry. In high oxidation state porphyrin-based iron oxo chemistry, tuning the axial ligand has been shown to alter markedly the reactivity of the electrophilic Fe=O group towards alkane hydroxylation and olefin epoxidation. 60 Likewise, by manipulating the uranyl oxo within the molecular cleft, it is apparent that we have disrupted significantly the overall UO 2 bonding and that this activates the exo oxo-group towards reductive silylation. Furthermore, the ready formation of strong O-Si bonds is similar to that seen in transition metal oxo chemistry in which hydrogen atom abstraction reactions do not require metal-based radicals, but instead depend on the strength of the bond between the oxidant and the hydrogen atom.
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Summary and outlook
The straightforwardly-synthesised, Schiff-base polypyrrolic macrocycles described in this article have allowed the formation of a variety of shape-persistent transition metal and f-element complexes. In the main, binuclear complexes of these macrocycles are 'Pacman'-shaped and reminiscent of cofacial or Pacman diporphyrin complexes. Even so, alternative, bowl-shaped structures can be generated in which extensive hydrogenbonding interactions are evident. Similarities exist between Pacman porphyrins and these calixpyrrole analogues, in particular in the dioxygen chemistry of binuclear cobalt complexes. However, the lateral rigidity of the cleft, the flexibility of the pyrrole-imine chelates, and the ready expansion of the N 4 -donor cavity has facilitated, in particular, new oxo-group chemistry of the uranyl dication that would not be possible using the porphyrinic analogues.
The modular synthetic approach to these macrocyclic ligands should mean that they are easily tailored to provide a diversity of shape, size and redox and metal complexation properties, which makes them applicable to a host of current chemistry themes, such as molecular recognition, metal value extraction/sequestration, asymmetric synthesis, medicinal inorganic chemistry, capsular self-assembly processes, and multinuclear redox chemistry.
